Manipulation of Dark States and Control of Coherent Processes with Spectrally 

Broad Light 
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The formation of dark states under interaction of degenerate atomic states with incoherent broad- 
band radiation (white hght) is discussed. A simple couphng scheme in a three level A-system, which 
allows both qualitative and quantitative analysis is discussed. We found a stationary solution of 
the optical Bloch equations in a broad excitation line approximation that describes the dynamics 
of the atom-white light interaction and demonstrated its identity to a conventional dark state cre- 
ated with coherent laser fields. We than examine the efficiency of the population transfer induced 
by broadband radiation in a model A-system and revealed that high efficiency (attaining 100%) of 
stimulated Raman adiabatic passage-like processes can be achieved with certain temporal control 
of light polarization. The corresponding criterion of adiabaticity was formulated and justified by 
means of numerical simulations. 



PACS numbers: 32.80.Qk (Coherent control of atomic interaction with photons; 32.60.- 
efFect) 
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INTRODUCTION 



Coherent laser fields can be used to manipulate atomic 
and molecular quantum states in order to create coherent 
superpositions of quantum states, which are of interest in 
many important fields of research including laser cooling 
[I'l, ultra cold matter dark states elect romagnet- 
ically induced transparency A\, and laser driven states 
Q . These techniques have many important applications 
at the forefront of technology and industry, including in 
such areas as lithography [^], quantum information 7], 
quantum chemistry Q, and others. Typically, control 
of quantum states is implemented within A-type and V- 
type systems driven by two (or more) laser fields. In the 
case of A-type excitation, dark (or population trapping) 
states (15-states) can be formed, which become transpar- 
ent for photons and thus cease interacting with light 
In contrast, another type of superposition of coherent 
states, bright states (S-states), becomes more absorbing 
under the laser light action d, [l^, IT ll. T he dark states 
are useful in laser cooling processes 0, , optical pump- 
ing [ill, "lasing without inversion" [11, and 

others. One particular application of dark states is in the 
method of Stimulated Adiabatic Raman Passage (STI- 
RAP), which can be used to couple an initial and final 
state to a common intermediate state and transfer atomic 
opulations between initial and final state without loss 
This method has traditionally required highly stabi- 
lized laser fields that are strongly phase correlated. But 
are these requirements really so strict as traditionally 
thought? In this article we discuss a scheme which allows 
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one to achieve high degree of control of quantum states 
by means of broad-band (i.e., basically white) light from 
a single light source. 

The basic equation that describes coherent processes 
in light-atom interaction under the density matrix for- 
malism is the Liouville equation, which in atomic physics 
often is referred to by the term "optical Bloch equations" . 
When these equations describe a system illuminated by 
spectrally broad light, they formally allow a steady-state 
solution that has the structure of a pure quantum state 
similar to the solution for dark states in monochromatic 
laser fields. It turns out that spectrally broad light can 
form dark states thanks to a beneficial cancellation of 
photons of different frequencies. This result evidently 
opens new possibilities for controlling atomic states with 
incoherent light sources. As a specific case, we will dis- 
cuss in detail the problem of transferring a population of 
atoms with spectrally broad light from an initial, stable 
discrete state to a desired target state, without loss of 
population. 

The paper is organized as follows. In Section[n]we shall 
review the most optimal scenario for population trans- 
fer; we discuss the nature of coherent dark states under 
monochromatic excitation and outline the main factors 
of the atom-coherent light interaction that can destroy 
the D-states by mixing them with bright states. In Sec- 
tion IIIBI we shall consider cases that limit the control 
over coherence, such as two lasers that are only partially 
coherent. We will then be in a position to formulate the 
arguments for and against the possibility of using spec- 
trally broad light to manipulate quantum states. The 
answer will be obtained in Section IIIII In Section IIII Al 
we shall analyze the master equation for the density ma- 
trix that describes the dynamics of the atom-spcctrally 
broad light interaction [18, 19). In Section [III Bl we shall 
demonstrate the existence of D-states under spectrally 
broad light excitation and coherent processes with broad 
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FIG. 1: Schematic diagram of energy levels, laser Rabi fre- 
quencies, and detunings. The initial population is embedded 
on level 1. 



band excitation. Then, in Section lTVI we shall present the 
results of numerical simulations that demonstrate that 
population transfer by spectrally broad light can achieve 
an efficiency of 100 %. The effects of detuning from the 
two-photon resonance will be analyzed in Section lIVBi 
and numerical simulations of the corresponding two pho- 
ton line shapes will be presented. In Section |V] we will 
summarize the results and discuss the possibilities of co- 
herent processes in atoms in the case of spectrally broad 
light excitation. Finally, in order to justify some state- 
ments related to Z?-states and STIRAP in the case of 
spectrally broad light sources, an analogy between co- 
herent and incoherent process for quantum state control 
is established in the Appendix. 



II. FORMULATION OF THE PROBLEM: 
ADIABATIC PASSAGE WITHIN BOUND 
STATES 



We shall concentrate ourselves on the problem of how 
to transfer populations of atoms from an initial level 1 
to some target level 3 (see Fig. 1) without loss of pop- 
ulation. We first briefly recall the case of two coherent, 
monochromatic pulsed lasers, a Pump laser and a Stokes 
laser, with fixed frequencies wp, us and corresponding 
Rabi frequencies ilp{t), ils{t) 0- It is clear that, in any 
atom manipulation scheme, one should avoid involving 
the unstable upper- lying state 2, because from this state 
population could flow into other unwanted states, which 
are schematically depicted in Figure 1 as a single level 
4. Our first task is to find how to create a wave func- 
tions 4'd = Ci'i'i + 6*3^3 as a linear combination of the 
two low-lying states 1 and 3, which is not coupled to the 
excited state 2. In other words, if the Hamiltonian is 
H = Ho + V, where V describes the coupling of the sys- 
tem levels with light, we require that the matrix element 
{^2\V\'^d) is zero. 



FIG. 2: A sequence of laser pulses. The arrow indicates a 
moment when the populations of levels 1 and 3 are equal. 



A. Dark and bright states 

In the rotating wave approximation (RWA), the total 
Hamiltonian H = iJg + V oi the system depicted in Fig. 1 
has the well known form 1201: 



H = h/2 



2Ap np{t) 

np{t) ns{t) 

Qsit) -2As 



(1) 



in the basis of the bare states '^i [i — 1, 2, 3). The Hamil- 
tonian Hq corresponds to a free atom and determines the 
bare state energies £i . We choose as the zero level of en- 
ergy the value £2 for the excited state 2. The quantities 
^p,s in the diagonal elements give the laser detunings 
(Ap = wp — W21; As = ws — W23) from the Bohr frequen- 
cies W21J ^^23 of the corresponding optical transitions (see 
Fig. 1). The Rabi frequencies rip(i), ^s{t) are deter- 
mined from the coupling term V of the Hamiltonian. We 
neglect to mention here any relaxation terms and leave 
their proper discussion to Sec lIIII 

The required solution D{t) of the equation 
(^-al^l^D) = reads [1]: 



"^D = cose(i)^'i - sine(t)^'3 ; 
sin6 = ilp/fig// ; Vt^ff = \/\S^} 



(2) 



and is known as a dark state. Since ^d(<) does not share 
the population with the excited state, it does not radi- 
ate directly itself. Note that the mixing angle Q gives a 
convenient measure of population sharing between stable 
states: the value = corresponds to a population that 
resides entirely in state 1, while = 7r/2 describes a pop- 
ulation that has been transferred entirely to the target 
state 3. 

Since controlling the population means controlling the 
mixing angle, as can be seen from Eq. ([2]), an efficient 
transfer of population can be achieved by organizing a 
sequence of dark states with the mixing angle varying 
from = (the initial state 1 populated) to = 7r/2 
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(the target state 3 populated). In this sequence of states, 
the state vector ^(i) should be maintained as the current 
dark states ^D(i) all the time. An experimental imple- 
mentation of such a scenario is depicted in Fig. 2. The 
pulse sequence that provides the desired rotation of the 
mixing angle seems counter- intuitive 21]: the pump laser 
pulse arrives after the Stokes laser pulse! What happens 
is that the Stokes laser prepares (dresses) the transition 
2 — > 3 for accepting the population, which is delivered by 
the pump laser [sl]. It is noteworthy that the states 1,3 
share the population equally at the moment when both 
lasers' Rabi frequencies are equal. 

We now examine different unwanted factors that can 
restrict the efficiency of the desired population transfer. 
For this purpose, we consider another convenient con- 
cept, the so called bright state (i?-state) ^'b 

*i3 = sine(t)*i -)-cose(t)*3 ; .o^ 

{^2\v\^B)/h = n,ff 

which is orthogonal to the dark state ^d- Although the 
_B-state also does not contain the excited state 2, it is 
always mixed with the excited state by the light fields, 
as can seen from the corresponding matrix element pre- 
sented in Eq. ([3]). Having been coupled to the excited 
state, the B-state thus is power broadened, and this cou- 
pling leads to radiation from state 2, which results in 
unwanted population losses to the marginal levels 4 due 
to spontaneous transitions (see Fig. 1). 

As was mentioned above, although the D-state is not 
coupled to state 2 and does not lead to radiation from 
that state, nevertheless it may be coupled with the bright 
state. The mixing frequency between the bright and dark 
states during the system's temporal evolution reads [l^l : 

where H is the Hamiltonian (1), and the temporal deriva- 
tive corresponds to non-adiabatic linkage between states. 
Two important requirements follow from relation Q. 
First, to preserve the dark state, changes of the mixing 
angle (see Eq. [2|) should be slow enough, or adiabatically 
organized. The corresponding criterion is given via the 
inequality dO/dt <^ Q^ffit), which yields, after integra- 
tion over t 0: 

oo 

/*n.„w»Ae.,/2. (5) 

— oo 

It is seen that the applied laser pulses should be stronger 
than the 7r-pulses. The second important requirement 
concerning the mixing of B- and D-states is that the dif- 
ference S = Ag — Ap between laser detunings should 
be small. This difference S (see Fig. 1) is often called 
the double-photon detuning, and it opens a pathway for 



unwanted population flow, which may dramatically de- 
stroy the D-state. A detailed study of the efhciency 
of STIRAP-like processes as a function of 6 (the so 
called two-photon line shape) may be found in [22| . 
Note that the one photon detuning A, determined as 
A = 1/2(A5 + Ap) (see Fig. 1), does not enter itself into 
the mixing matrix element in Eq. ([5]), which explains the 
weak influence of A on the population transfer 0, . 



B. Phase-diffusion effects for partially coherent 
fields 

Up to now we dealt with coherent radiation. How- 
ever, in the real world, lasers typically are subject to 
vibrations and other environmental influences that cause 
phase diffusion and result in only partial coherence of the 
laser fields. Phase diffusion effects were studied in de- 
tail by [2Q] using the phase diffusion model, according to 
which the random walk of laser frequencies varies chaot- 
ically both the double-photon detuning 6 and the single- 
photon detuning A. Drift of the one photon detuning is 
not detrimental to STIRAP, but strong (5-chaotic jumps 
dramatically decrease the STIRAP efficiency. However, 
the authors of paper [23| pointed out an important ex- 
ception: if the radiation in both laser fields has the same 
source, a beneficial cancelation of the phase fluctuations 
may occur. Since laser phases are varying equally, the 
value of S remains equal to zero. 



III. DARK STATES IN SPECTRALLY BROAD 
LIGHT 

With the above preliminaries, we are now ready to 
determine if quantum states can be controlled by means 
of spectrally broad light instead of coherent lasers. From 
Section III Bl it is clear that in case of spectrally broad 
light one has to use a single light source. Otherwise, 
if two distinct uncorrelated sources of broad-band light 
were to be used, every dark state would be depopulated 
by mutual, multiple incoherences among the sources. In 
our analysis we deal with a fluctuating electric field E(t) 
that has a well defined elliptical polarization: 

E(i) = RcEait) exp{-iLUot)e{t) ; , . 

{e{h)e*{t2))=A{h-t2), 

where loq is the carrier frequency of the light. We as- 
sume that the fluctuating part e(i) of the light is a scalar, 
dimensionless, random, complex function of unit mod- 
ulus |e| = 1 with the broadband correlation function 
A{ti — ^2)- As a result, the spectral distribution P{llj) 
of the light [M] 

1 r°° 

P{Lo) = -Re dtexp{-iujt)A{t) (7) 
I" Jo 
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FIG. 3: Light polarization. 

is a smoothly varying function within the spectral in- 
terval Aw of interest. The application of adiabatic 
elimination procedure implies the following requirement 
tAw ^ 1 for the characteristic duration r of the mat- 
ter/light interaction, which is directly related to the time 
of switching on and switching off the light beam [l^ . 
When the interaction takes place during a very short time 
interval, i.e., when r becomes very small, the correlation 
function A{ti — t2) ^ S{ti — t2) should correspond to spec- 
trally broad light (here S is Dirac delta-function). In the 
case of slow processes, i.e., in the case of adiabatic con- 
trol of quantum states, the spectral interval Alo may be 
of finite size. It is important to note that the frequency lu 
in Eq. ([7]) denotes a measure of the frequency shift from 
the center loq of the light spectra. 

In contrast, the envelope vector function Eo(i) has reg- 
ular behavior and determines the light polarization. If 
one chooses the direction of light propagation as the z- 
axis (see Fig. 3), the polarization ellipse lies in the {x,y)- 
plane. It is convenient to work with the polarization 
elements E^^^^^ represented by spherical components e± 
[Hi of vector Eq: 

When £'(±1' are real, the polarization of light is such that 
the main semi-axes of the ellipse are oriented along the 
ex and ey axes. If E'^^^^ are complex numbers, the differ- 
ence between their phases determines the double rotation 
angle of the ellipse in the (x,y)-pleLne. 

The quantum states may be controlled through an ap- 
propriately chosen, time-dependent variation of the light 
polarization. As an example we consider the simple in- 
teraction scheme presented in Fig. 4: a single broad-band 
light beam excites a two-level system. The excited state 
(e-state) has the angular momentum I — and consists 
of one Zeeman component m' = 0. The ground state (te- 
state) posses angular momentum I — 1 and therefore has 
three components, one of which (to = 0) is not involved 
in the interaction because of the chosen light polarization 
plane. The light's central frequency wq is assumed to be 
in resonance with the .g — > e transition. The quantization 
axis is oriented along the z-direction. As is apparent, the 



spherical component of light ([8]) couples independently 
the transitions to = ±1 — > m' = 0. In fact, the magnetic 
sublevels involved in this interaction effectively form a 
three-state A-scheme. 

In our model, we assume that at i = — oo only the 
TO = — 1 component is populated. Our aim is to ana- 
lyze the efficiency of the STIRAP-like process that could 
transfer the population from to = — ltom = -|-l. This 
population transfer can be accomplished by applying a 
sequence of light pulses with Rabi frequencies Slip (see 
Fig. 2) by varying (by changing light polarization) the 
relative strength of the polarization components E^^^^^i 



E(^^)it)^EseM-it-Ar^)y2r'); 

n^{t) = E^^^\t){m' = 0|e± • d|TO = Tl)/fi ■ ^ ' 

Here d denotes the atomic dipole moment. The Rabi 
frequencies n± correspond to the strengths of the cou- 
pling interaction between the levels m = ±1 and m' = 0, 
which is induced by the light's spherical components E^ 
(see Fig. 4). The parameter r in the arguments of the ex- 
ponential factors determines the interaction time, while 
the parameters At± give the temporal shifts of the ap- 
plied impulses. It is worth emphasizing an important 
feature of the scheme presented here. Clearly, each fre- 
quency uj of the light beam stimulates both transitions 
to = ±1^to' = with cifective partial Rabi frequen- 
cies Q±{uj) — n±\/ P{uj) and results in the appearance of 
dark states ^ . Because the corresponding mixing angle 

sin Q — $7+ / ^ f2^ -I- turns out to be independent of 

UJ, the photons prepare a unique dark state, which there- 
fore is not coupled to the upper excited state to' ~ 0. 

Here, however, new additional unwanted factors in the 
formation of the dark state arise. Indeed, spectrally 
broad light actually consists of many uncorrelated pho- 
tons with different frequencies loq + lo. A photon with 
the fixed frequency loq + uj that excites the transition 
TO = —^m' — O (the Rabi frequency r2+(w)) com- 
bines with a variety of photons of frequencies ujq+uj that 
excite the transition to = — 1 — > m' = (the Rabi fre- 
quency n_(w)). We could expect the presence of many 
nonzero two-photon resonance detunings d — uj — uj to 
lead to strong mixing between the dark and bright states 
(see Eq. (|4])), i.e. to a fast destruction of the dark state. 
However, there is one favorable circumstance: it is pos- 
sible to distribute ^-frequencies into pairs uji^2 with op- 
posite two-photon detuning values i5i = —62, so that the 
average value (61,2) over the pair becomes zero. As a 
result, it may be possible to compensate the pair con- 
tribution in the mixing between dark and bright states. 
The total rate of unwanted population loss due to cou- 
pling to the B-state could be still reduced to zero despite 
the presence of many light frequencies. To verify this hy- 
pothesis, we need a robust treatment of the dynamics of 
the system. 
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FIG. 4: Energy level diagram 



Basic equation for the density matrix under 
coupling with spectrally broad light 



The evolution of the system should be studied within 
the framework of the density matrix pij formalism. At 
first glance, the problem seems to be intractably compli- 
cated because of the presence of multi-chromatic light. 
Fortunately, the broad spectrum of applied spectrally 
broad light results in an adiabatic elimination of the op- 
tical coherences jl^ i26i] in the optical Bloch equations, 
i.e.. Peg in our case. Briefly, under the action of spec- 
trally broad light, the effective lifetime t^x ^ l/Aw of 
induced optical dipoles described by p^g appears to be 
very short in comparison with the interaction time t. 
The optical dipoles adiabatically follow only the pee, Pgg 
elements (Zeeman coherences). The diagram techniques 
for solving the evolution of the density matrix developed 
by Konstantinov and Perel [l^l and later by Keldish (28|] 
justify the results that were first empirically obtained by 
Claude Cohen- Tannoudji [l^ in the form of rate equa- 
tions for the Zeeman coherences pa under the broad-line 
approximation. A detailed study of various problems un- 
der broad- line approximation may be found in [Tgj . In 
particular, the equations presented in [Tol l and adopted 
for our system (Fig. 4) may be easily reduced to the fol- 
lowing system of ec|uations, which describes the popu- 
lations of e-state (/Oqq), g-state (p++i P--) and the off- 
diagonal (p^ , p |_) elements between g-state compo- 
nents m — ±\ (Zeeman coherences): 



d 



dt 



P-- = 



2 + |i]_p + rojpoo + |f^+lV+ 

-|f^+|V++ (N+l'+ro+) Poo- 



dr 



P-+ 



-W_VL+[p++ + p- 



2po 



(10) 

(11) 

(12) 
(13) 



Note that p^ = 

The structure of system pIH) - ([T5|) contains two types 
of terms. First, the majority of its terms contain the 
populations and, hence, represent a simple balance be- 
tween population flow into different levels. Second, the 
contribution of coherence effects is represented by the 

Zeeman coherence element p^ Briefly, the spontaneous 

radiative constant Fq gives the total rate of the excited 
state m' = decay into the low-lying levels. The values 
Toi {i = — jO, -I-) yield the partial spontaneous transition 
rates from the e-state to the individual i-components of 
the g-state; clearly Fq = Fq- -|-Foo -|- Fq-i- . In our particu- 
lar case (Fig. 4), one has Fgi = Fq/S [2^. The light polar- 
ization components E^^ generate transitions, including 
stimulated transitions, between the excited and ground 
states. The efficiency of the coupling of states is deter- 
mined by the effective " frequencies" f2± , which turn out 
to be expressed via the above introduced Rabi frequen- 
cies Q.±{t) (©I 



^±{t) = h^P{uj = Q)VL±{t) = ^P{uj = 0)E^^{t)\\d\\/V2, . 

(14) 

The parameter ||d|| corresponds to the reduced dipole 
matrix element p9| . while the coefficient a/3 arises from 
3-j symbol related toTO = ±l— >m' = transitions 
according to the Wigner-Eckart theorem. Note that be- 
cause of the factor -s/P, the dimension of J7± is [s~^/^]. 
The purely imaginary term in Eq. (jlSp appears in the 
presence of an external magnetic field that results in the 
Larmor energy shift mhwL of Zeeman components to, i.e., 
in energy splitting ihuj^ between m = — 1 and m = -1-1 
components. 

It is convenient to measure the scale of the coupling in 
units oi Es so that the pulse sequences (|9]) acquire 
the form 



n±{t) = f7oexp(-(< - At±)V2t2) 

nno - ^p{Lo ^Q)Es\\d\\/^A 

with VIq again measured in [s^^/^]. 



(15) 
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Coherent processes, as was mentioned above, are de- 
scribed by the dynamics of the off-diagonal elements 

P-i = pl+. Because of these off-diagonal elements the 

balance equations result in some important specific fea- 
tures, such as, for instance, the existence of dark states. 
In particular: 

(i) The system of Eqs. (ITUl) - (fT^ : describes an open 
system because of the presence of a spontaneous cascade 
into the uncoupled m' — component of the g-state. In 
accordance with Eqs. pUjl -IlT 



dt 



(Poo + P++ + P--) = -rooPoo 



(16) 



population flow into the uncoupled level depletes the pop- 
ulation of the coupled system. Correspondingly, the pop- 
ulation Pqq of the ground m = -component may be 
found from the following equation: 



di 



Poo — Too Poo 



(17) 



(ii) The initial conditions imply the absence of any 

coherence, i.e. p-| {t = — oo) = 0. It is clearly seen from 

Eq. ([13]) that, if a magnetic field is absent (wl = 0) and 
0_|_f21 has a real value (i.e. the x,y-axes are the main 
diagonals of the polarization ellipse) , the imaginary part 
of the off-diagonal element p |_ remains zero. 

(iii) The main feature of the case that occurs when 
= is that the system ([TU1) - P^ has a unique simple 

stationary solution which docs not include the population 
of the excited state: 



Poo 

P-y = 



Pa 



|n+|2+|n_|2 



(18) 



B. Dark states formed by spectrally broad light 



in. 



p^ 



(19) 



Since the system (|10I) - (|T3)) is a linear one, its solution 
may be normalized by one parameter; we may choose 
P++, for instance, in the form p++ = |r2_p/(|f2+p -|- 
|f2_P). With such a choice, the relations in acquire 
the form of (jlSp . which therefore turns out to be unique. 
The normalization adopted in (jlSp follows from the re- 
quirement that + p = 1 , which reflects the popu- 
lation conservation. Significantly, the stationary case of 
Eqs. pil)l . p^ (with zero left-hand-side) is satisfied auto- 
matically by the solution (fT8)) provided that lol = 0. The 
fact that the dark states formed by spectrally broad light 
are unique fits well with our previous qualitative consid- 
erations about D-states (see the discussion after Eq. 
In the Appendix we shall further motivate why the den- 
sity matrix in is a solution of the master equations 

(nnn-disi). 

The density matrix in (|18p corresponds to the pure 
quantum state with ^P-function whose components have 
amplitudes Ci 



c_ = -ri+/\/|r!+|2 + |r!_ 

Cn -0 



(20) 



In the case of a conventional A-scheme with two co- 
herent lasers of Rabi frequencies VLi (which are complex 
in general), the coherent dark state in ^ has the same 
amplitude as determined in ([^0)1 . Therefore, it is possible 
to analyze the situation with our spectrally broad light 
or "white light" dark states (VFD-states) using the rich 
information known about standard coherent Z?-states. In 
particular, in the next Section we will be able to express 
quantitatively to what extent the state control process 
needs to be adiabatic in order to ensure the survival of 
M^D-states under non-stationary conditions. 



The density matrix in (|18|) obviously corresponds to 
a pure quantum state and allows one to determine an 
angle for mixing the m = —1 and m = +1 sublevels of 
the ground state, as in the case of coherent laser fields. 
Since the excited state is not populated, the stationary 
solution (fT8)) describes a dark state that has been formed 
with spectrally broad light. This result implies a ben- 
eficial cancellation of contributions from incoherent fre- 
quency components of spectrally broad light and conse- 
quently opens up new perspectives on the fruitful control 
of atomic states. 

It is noteworthy that, under the absence of Zeeman 
separation {ujl — 0), there is only a single stationary 
state of the density matrix that allows Pqq = 0. To prove 
this statement, let us set the left-hand-side of the system 
(Unil-dlSl) to be zero. Then Eqs. for p'^o = 

yield 



IV. SPECTRALLY BROAD LIGHT STIRAP 

There are a many interesting applications of the in- 
state. First of all, since the WD-state (|T8)) that arises 
in the scheme presented in Fig. 4 turns out to have the 
standard structure ((20|l it would be beneficial to consider 
the most recent developments in the applications of con- 
ventional dark states [3, Q when exploring applications 
of the W^L'-state. 



A. Population transfer 

We start by examining now the efficiency of the 
STIRAP-like population transfer from the m — —1 com- 
ponent to the m = +1 component of the ground state 
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when the analogue of the two-photon resonance detun- 
ing 6 — 2u!l is zero (see the clarifying remarks in the 
Appendix after Eqs. (jA3|-(|A6|)- Initially, at (t = -oo) 
the population was found in the sublevel to = —1 in a 
pure state that corresponds to 

P-- = 1 ; Pii = (i 7^ -) ; ^21) 

We now consider how to drag most efficiently the pop- 
ulation without loss from the to = — 1 sublevel to the 
TO = +1 sublevel by dynamically changing the properties 
of the light. Based on previous experience with STI- 
RAP (Fig. 1), the mixing angle 6 (see Eq. should 
be changed from to 7r/2. Therefore, one has to modu- 
late the polarization of the light in such a manner that 
the corresponding effective Rabi frequencies acquire pulse 
forms (|15|) in a necessary sequence: pulses are offset in 
time, and in the pulse sequence the ri+(i) pulse should 
arrive first, i.e., 

Arde/ = Ar_ - At+ > 0. (22) 

The pulses have duration t, and the temporal shift Ar^e; 
between them has to be positive. 

The efficient population transfer (without loss) should 
be performed adiabatically via D-states. Any deviation 
from adiabaticity results in mixing between the state cou- 
pled to the excited state (the bright state) and the WD- 
state that allows the population flow into unwanted g- 
level with to = 0. The condition for implementing the 
adiabatic passage in the case of coherent lasers was dis- 
cussed above and is expressed by relation ([5]). In the 
Appendix we derive a modification of criterion ([5]) for 
spectrally broad light excitation 

ngr » 1 . (23) 

where the effective frequency fio is defined in Eq. psp . 
This last requirement ensures the adiabaticity of STI- 
RAP in the case of system pO)) - ((T3l) . 

In the Appendix we will examine as well the struc- 
ture of the density matrix equation (see Eqs. (|A3|) - (|A6p ) 
for the case of two coherent laser fields with a small 
two-photon detuning (5 and a relatively large one-photon 
detuning A (see Fig. 1). Such a one-photon detuning 
makes it possible to adiabatically eliminate the optical 
coherence elements, which reveals a close analogy be- 
tween coherent (Eqs. (jA3p - (|A6|) ) and incoherent dynam- 
ics (Eqs. pO)) - (fT3)) 1. With this analogy in mind, intu- 
itively one may expect to attain high efficiency with spec- 
trally broad light STIRAP. Fig. 5 illustrates the above 
conclusions by showing the results of numerical simula- 
tions of population transfer. In this example we fix the 
duration of the pulses to r = 2 ns. The transfer effi- 
ciency is measured as the population p'_l\_ — p++{t = oo) 




FIG. 5: Simulation of STIRAP with white light. The popu- 
lation transfer efficiency was found from numerical solutions 
of system (|10|) -(ll3 p and is plotted versus the square of the ef- 
fective Rabi frequency [ns~^] and the temporal shift Ar^^; 
[ns] between the pulses. The radiative decay constant To =9 
ns~^ while the duration of pulses t—2 ns. 

of the target state after the pulse sequence concludes. 

( f) 

Note that the surfaces of /c+4., presented in Fig. 5 has 
properties identical to the case of coherent lasers, as is 
shown in the Appendix. The value pY-i- is optimal, for in- 
stance, when Ardei « r [HI]. The data exhibited in Fig. 5 
illustrate as well criterion of transfer adiabaticity: if 
we set a criterion for a successful population transfer at 
the level of pY4_ equal to 0.9, the saturation starts in the 

region il§r > 10. If one wants to increase efficiency of 

( f) 

population transfer (increase value of p+jf^) further, one 
needs to increase ^IqT. Note that the simulation shows 
that a variation of the decay constant Fq by up to an 
order of magnitude does not influence significantly the 
efficiency as a function of the pulse area fl^r and the 
delay Ar^e; between the pulses. 

B. Influence of Zeeman splitting 

It is of particular interest for practical applications to 
examine what happens when a weak magnetic field is 
present. The presence of Zeeman splitting in system 
pO| - (fT3l) formally corresponds to two-photon detuning 
with value S = 2wl (see Appendix). The WD-state (fT8|) 
fails to be a stationary solution of system (fT0|l -(fT3 | . as 
the terms corresponding to mix the dark state with 
bright state, and some fraction of the D-state popula- 
tion flows to unwanted states: g-state to = and the 
initial state to = — 1. Figs. 6 and 7 give some insight into 
how the unwanted processes change the desired trans- 
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fer efficiency. We choose the situation with an optimal 
delay Ar^jg; — 2 ns in the pulse sequences and set the 
decay constant to be Fq = 9 ns^^. Fig. 6 corresponds 
to the case of state control with spectrally broad radi- 
ation, while Fig. 7 shows the results of solving system 
()A3p - (|A6p . that illustrates conventional monochromatic 
STIRAP. In the latter case the effective frequency JIq is 
determined in Eq. (|A8p . 

We point out for both Figs. 6,7 the somewhat curi- 
ous behavior of as a function of the light intensity 
in the region of large two-photon detuning values. Ini- 
tially when effective Rabi frequencies i7o or fJo are small, 
the curves pYK^l = con, fio) rise linearly with increas- 
ing J7o in the sequence of simple observation: the pop- 
ulation transfer occurs because the levels couple to the 
light, where larger l^o corresponds to stronger coupling 
and, consequently, to larger transfer efficiency. This ob- 
servation is true as long as the interaction of an atom 
with photons is linear, i.e., light is unable to modify the 
bare states. When the light intensity starts to exceed 
the saturation value, the bare states are transformed into 
dressed states, each of which shares the population with 
the excited state (if i5 7^ 0) that clearly stimulates the un- 
wanted population flow. Moreover, the transformations 
are accomplished by energy shifts of the dressed states 
that lead to some effects with similarities to laser induced 
transparency. In the particular case of monochromatic 
STIRAP, because of the ac Stark shift of the transition 
m = — 1— !'to' = 0, the initial impulse (see in 

Appendix Eq. (|A7|) ) results in increasing dctunings from 
the transition TO = -|-l^m' = 0. Both aforenientioned 
factors dramatically decrease p]l\ in the region fipT > 18 

as follows from Figs 6,7. The case of large f2o values al- 
lows one to consider the problem under a perturbation 
approach in which the parameter bjVt^ becomes small. 
One of the dressed states has a structure close to that of 
a dark state (see Eq. (|18p). It shares only a small fraction 
~ i5/r2g of the excited state and restores the population 
transfer efficiency in the region of very large fio- 



CONCLUSION 




FIG. 6: Simulation of STIRAP with white light. Popula- 
tion transfer efficiency versus the effective Rabi frequency fig 
[ns~^/'^] and Zeeman splitting u)l [ns~^]. The temporal shift 
C^T^^i between the pulses is chosen to be 2 ns. The radiative 



decay constant Fo 
ns. 



=9 ns and the duration of pulses t—2 




In this paper we have demonstrated that if the states 
between which we carry out population adiabatic trans- 
fer (STIRAP) are degenerate, this process can be imple- 
mented with broad-band nonmonochromatic ("white") 
light. The efficiency of the population transfer with 
broad-band radiation is similar to the efficiency of the 
STIRAP process that can be achieved in the traditional 
way with monochromatic radiation and, in the case of 
sufficiently slow, adiabatic manipulation of the states, 
can approach 100%. 

The existence of dark states in the manifold of mag- 
netic sublevels of an atomic state created by the non- 
monocromatic radiation was noticed earlier (see, for ex- 
ample, [30| ) and was related to the well known phe- 



FIG. 7: Simulation of STIRAP with coherent lasers. Popu- 
lation transfer efficiency versus the effective Rabi frequency 
Hq \as~^^'^\ and two-photon detuning 5 = 2ljl [ns~^] (see in 
Appendix). The temporal shift Ar^^j between the pulses is 
chosen to be 2 ns. The radiative decay constant Fq =9 ns~^ 
and the duration of pulses r=2 ns. 



nomenon of optical pumping of atoms in the manifold 
of magnetic sublevels In 50s, a long time before 

the invention of lasers, the phenomenon of optical pump- 
ing was observed with a conventional spectrally broad 
light source by Brossel, Kastler, and Winter [sj] and by 
Hawkins and Dicke |32l |. With this in mind, it should 
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be easy to understand the conclusions of this paper, that 
with broad-band radiation it is possible not only to cre- 
ate a dark state in the manifold of magnetic sublevels, 
but it is possible also to manipulate this state. 

The demand that the states involved in the spectrally 
broad light STIRAP process are degenerate is essential. 
It ensures that the phase fluctuations of the radiation 
source are synchronous for the pump as well as the Stokes 
field and cancels in the atom-light interaction process. 
Even a weak magnetic field that splits magnetic sublevels 
on the order of the ground level- width destroys the dark 
state created by the broad-band radiation. 

It is obvious that the manipulation of coherent states 
created in the manifold of the magnetic sublevels by the 
broad-band radiation is not limited to the STIRAP pro- 
cess only, but can be extended to other coherent pro- 
cesses, such as coherent control of atomic states with 
three light fields in a tripod configuration [33j or manipu- 
lation of many degenerate quantum states simultaneously 

If one uses a broad-band radiation source with suffi- 
cient spectral density, population transfer through the 
continuum can be foreseen as well. The advantage 
of white light in is that it does not significantly perturb 
the continuum in contrast to the monochromatic lasers. 
The latter strongly modify continuum states and result 
in sharp Fano profiles of dipole matrix elements [36l | that 
block the existence of stable dark states. 
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APPENDIX A: DENSITY MATRIX EQUATION 
WITH COHERENT LASERS UNDER 
ADIABATIC CONDITIONS 

It is of interest to analyze the population transfer 
scheme presented in Fig. 4 for the case of two coherent 
lasers. We assume a large enough one-photon detuning 
value to ensure that the procedure of adiabatic elimina- 
tion (AE) of the optical coherence elements '26] will be 
valid. The same procedure is the main approach used in 
the broad- line approximation to obtain system (|10p - (fT51) 
for the dynamics of the density matrix driven with spec- 
trally broad light. It is natural to expect some similarity 
between the coherent and incoherent cases and to take 
advantage of the well studied coherent case to predict 
important properties of the manipulation of states with 
broad-band radiation. 



We consider a three-level system, as depicted in Fig. 4, 
which is being excited by two independent coherent laser 
fields with Rabi frequencies Q±(t). In an experiment 
it would mean that one applies lasers with ± circular 
polarization to a two-level atom with angular momen- 
tum / = 0, 1 for the upper and lower energy states, re- 
spectively. The ground state Zeeman sublevel m = 
is not involved in the interaction with the light. It col- 
lects the spontaneous population flow from the excited 
sublevel m' = at the decay rate Foq. The lasers have 
identical frequencies w, i.e., they are detuned from the 
I' — 0,m' — I — 0,m — Bohr transition frequency 
ujQ at the same one-photon detuning A = lo—ujo. Because 
of the possible presence of an external magnetic field, 
the Zeeman sublevels m = ±1 may have Zeeman energy 
shifts with value muiL. Clearly, the two-photon detun- 
ing 5 is then equal to the corresponding Zeeman splitting 
2ljl ■ If A happens to be relatively large, for instance, 
if it effectively exceeds the inverse duration l/r of the 
laser pulses (we assume them to have Gaussian shapes 
(ini)), the adiabatic approximation becomes valid for the 
density matrix elements Pmm'=o (^'^^ indices ra — ±.\ 
and m' — Q belong to the ground and the excited states, 
respectively) that make it possible to eliminate adiabati- 
cally rn'=o Ell ■ In addition, a large spontaneous decay 
rate Pot ^ 1 ensures that adiabatic elimination is real- 
ized as well. Under the rotating-wave approximation ^5(] 
adiabatic elimination allows us to set d/dtp^^n. = 
and, thus, to reduce m'=o ^he form [l^ [2a, [33| 



'fl\p,nAt)^\^-P^n,-{^) ■ (Al) 

The values h/S.„i — ^(A + muj^) give the energies of the 
TO-bare states, provided that the energy of the to' = 
bare state is chosen to be zero. 

The coherent matrix elements m'=o describe optical 
oscillators in an atom with decay constant ro/2. The 
oscillators are excited by the lasers' radiation field, which 
have detunings A^. It is well known [s^, that the 
excitation time r^'^^-' is determined by the relation t^^^^ « 
l/-\/A^ + ro/4. If T^*^^^ is substantially smaller than the 
characteristic duration r of the laser pulses, i.e. 



ry'A2„+r2/4»l, (A2) 

then the evolution of the amplitude p^ m'=o follows the 
excitation adiabatically, and Eq. (jAip comes to be valid. 
This fact allows the general equation of motion for the 
density matrix [l^, [33| to be reduced to the following 
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system: 



dt 



\ p+- 

2iL0, 



r, 







ro+) Poo 



2iLUT 



= -|f7_|2p__ + (|f7_|2 + ro_)p;„ 



dr 



P-+ 



2iuJr 



2iLUT 



(A3) 



(A4) 



(A5) 



-n* 

2 ' 



2iujT 



P+++P-- -2poo 



where we adopt the same notations for the density ma- 
trix elements as in the case of broad-band radiation, 
Eqs. ([Tni)"(|I31)- In particular pgg = pT„'=o,m'=o- The 

equation for p-| is obtained from Eq. (jA6p by complex 

conjugation. Two new effective "frequencies" Cl± are in- 
troduced 



T^ 



4A^ 



--^±{t) ; 



n±{t) = f7oexp(-(t- A±)V2t2) (A7) 
which have dimension [s~^/^] and Gaussian pulse shapes 



of the type ((T5)) . which have arrived, as before, in an 
appropriate sequence. 



Systems (|X3t - (|M|) and (UHll-lini) provide useful in- 
sight into how to apply knowledge of state control with 
two coherent fields to the case of state control with 
spectrally broad radiation. For instance, the reason for 
the existence of dark sates ((T5| becomes clear, namely, 
when Zeeman splitting is absent (i.e. u;^^ = ), sys- 
tems (|Mt - (|M1) and (Unil-ITll) become identical (pro- 
vided we identify the effective Rabi frequencies Vl± and 
Vt± ) and the coherent dark state ^ generates a spec- 
trally broad light dark state in the form of Note 
that this situation corresponds to two-photon resonance 
when A+ = A_ = A. It is clear as well that criterion ([5]) 
for STIRAP adiabaticity is reduced to the requirement 
^^T^ ^ 1 for the pulses ^±{t) (jA7[) . It is more instruc- 
tive to express this requirement in terms of the effective 
value CLq for Rabi frequency: 



r!o = f^oVro/vrg-i-4A2 ; 



%r ( T\lTl 



4A2 1 ^/l + 4A2/^2 » 1 . (A8) 



Since system (|10p -(|T3 |) was obtained under assumption 
()A2p . relation ([23|) (with the clear substitution Q,q VIq) 
turns out to be sufficient to satisfy inequality (jASp . In 
other words, if we identify the effective Rabi frequency 
r^o with r^o, we obtain a new criterion ()23ll for efficient 
population transfer with spectrally broad light under the 
realization of two-photon resonance. 



[1] C. Cohen- Tannoudji, G. Grynberg, and J. Dupont-Roc, 
Atom- Photon Interactions: Basic Processes and Appli- 
cations (Wiley, New York, 1998). 

[2] H. J. Metcalf, P. van der Straten, Laser Cooling and 
Trapping (Springer- Verlag, New York, 1999). 

[3] E. Arimondo. Coherent population trapping in laser spec- 
troscopy, Progress in optics, XXXV (ed. E.Wolf, Else- 
vier science, 1966). 

[4] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev. 
Mod. Phys. 77, 633 (2005). 

[5] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. 
Phys. 70, 1003 (1998). 

[6] D. F. Walls, H. Carmichael, R. J. Glauber, and 
M. O. Scully, Directions in quantum optics : a collection 
of papers dedicated to the memory of Dan Walls, includ- 
ing papers presented at the TAMU-ONR workshop held 
at Jackson, Wyoming, USA, 26-30 July 1999. Lecture 
notes in physics, xvi, 369 (Berlin; New York: Springer, 
2001). 

[7] D. Bouwmeester, A. K. Ekert, and A. Zeilinger, The 
physics of quantum information : quantum cryptogra- 
phy, quantum teleportation, quantum computation, 1st 
ed., xvi, 314 (Berlin; New York: Springer, 2000). 



[8] M. Shapiro, and P. Brumer, Principles of the quantum 
control of molecular processes, xiii, 354 (ed. N. J. Hobo- 
ken: Wiley-Interscience, 2003). 
[9] J. Alnis, and M. Auzinsh, J. Phys. B 34, 3889 (2001). 

[10] F. Renzoni, C. Zimmermann, P. Verkerk, and E. Ari- 
mondo, J. Opt. B 3, S7 (2001). 

[11] A. V. Papoyan, M. Auzinsh, and K. Bergmann, Eur. 
Phys. J. D 21, 63 (2002). 

[12] C. Cohen-Tannoudji, Rev. Mod. Phys. 70, 707 (1998). 

[13] W. Happer, Rev. Mod. Phys. 44, 169 (1972). 

[14] M. Auzinsh and R. Ferber, Optical Polarization of 
Molecules (Cambridge University Press, Cambridge, 
1995). 

[15] I. Sydoryk , N. N. Bezuglov, I. I. Beterov, K. Miculis, 
E. Saks, A. Janovs, P. Spels, A. Ekers., Phys. Rev. A 77, 
042511 (2008). 

[16] O. A. Kocharovskaya, and Y. L Khanin, Sov. JETP Lett. 
48, 630 (1988). 

[17] M. O. Scully, S. Zhu, and A. Gavrielides, Phys. Rev. Lett. 

62, 2813 (1989). 
[18] C. Cohen-Tannoudji, Ann. De Phys. 7, 423; 469 (1962). 
[19] K. Blushs and M. Auzinsh, Phys. Rev. A 69, 063806 

(2004). 



11 



[20] L. Yatsenko, V. Romanenko, B. Shore and K. Bergmann, 
Phys. Rev. A 65, 043409 (2002). 

[21] B. W. Shore, Contemporary Physics 36, 15 (1995). 

[22] V. 1. Romanenko and L. P. Yatsenko, Opt. Commun. 
140, 231 (1997). 

[23] J. Dalton, P. Knight, J. Phys. B 15, 3997 (1982). 

[24] I. I. Sobel'man, L. A. Vainshtein, and E. A. I'ukov, Exci- 
tation of atoms and broadening of spectral lines. Springer 
series in chemical physics 7 (Berhn; New York: Springer- 
Verlag. 1981). 

[25] L. D. Landau and E. M. Lifshic, The classical theory of 

fields, 4th rev. EngUsh ed. Course of theoretical physics. 

(Oxford; New York: Pergamon Press. 1975) 
[26] S. Stenholm, Foundations of Laser Spectroscopy (Wiley, 

New York, 1984). 
[27] O. V. Konstantinov, and V. I. Perel, Sov. Phys. JETP 

12, 142 (1961). 
[28] L. V. Keldish, Sov. Phys. JETP 20, 1018 (1965). 
[29] 1. 1. Sobel'man, Atomic Spectra and Radiative Transitions 



(Springer, Berlin, 1999). 
[30] G. Theobald, N. Dimarcq, V. Giordano, P. Corcz, Opt. 

Commun. 71, 256 (1989). 
[31] J. Brossel, A. Kastler, and J. Winter, J. Phys. Radium, 

13, 668 (1952). 

[32] W. B. Hawkins and R. H. Dicke, Phys. Rev. 91, 1008 

(1953). 

[33] R. G. Unanyan, N. V. Vitanov, B. W. Shore, and 

K. Bergmann, Phys. Rev. A 61, 043408 (2000). 
[34] M. Heinz, F. Vewinger, U. Schneider, L. P. Yatsenko, and 

K. Bergmann, Opt. Commun. 264, 248 (2006). 
[35] L. P. Yatsenko, R. G. Unanyan, K. Bergmann, T. Half- 

mann, and B. W. Shore, Opt. Commun. 135, 406 (1997). 
[36] U. Fano, Phys. Rev. 124, 1866 (1961). 
[37] B. W. Shore, The Theory of Coherent Atomic Excitation. 

(Wiley, New York, 1990). 
[38] W. Demtroder, Laser Spectroscopy (Springer, Berlin, 

2003). 



